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Abstract
Kernel weight is an important factor determining grain yield and nutritional quality in sorghum, yet the
developmental processes underlying the genotypic differences in potential kernel weight remain unclear. The aim of
this study was to determine the stage in development at which genetic effects on potential kernel weight were
realized, and to investigate the developmental mechanisms by which potential kernel weight is controlled in
sorghum. Kernel development was studied in two ﬁeld experiments with ﬁve genotypes known to differ in kernel
weight at maturity. Pre-fertilization ﬂoret and ovary development was examined and post-fertilization kernel-ﬁlling
characteristics were analysed. Large kernels had a higher rate of kernel ﬁlling and contained more endosperm cells
and starch granules than normal-sized kernels. Genotypic differences in kernel development appeared before
stamen primordia initiation in the developing ﬂorets, with sessile spikelets of large-seeded genotypes having larger
ﬂoret apical meristems than normal-seeded genotypes. At anthesis, the ovaries for large-sized kernels were larger in
volume, with more cells per layer and more vascular bundles in the ovary wall. Across experiments and genotypes,
there was a signiﬁcant positive correlation between kernel dry weight at maturity and ovary volume at anthesis.
Genotypic effects on meristem size, ovary volume, and kernel weight were all consistent with additive genetic
control, suggesting that they were causally related. The pre-fertilization genetic control of kernel weight probably
operated through the developing pericarp, which is derived from the ovary wall and potentially constrains kernel
expansion.
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Introduction
Kernel weight is an important yield component and also an
important factor determining nutritional quality in sorghum
[Sorghum bicolor (L.) Moench] (Kriegshauser et al., 2006).
Environmental factors, especially those inﬂuencing water
and assimilate availability, are known to affect kernel
weight realized at maturity, but potential kernel weight is,
to a large extent, under genetic control. The genetic and
physiological mechanisms underlying the genotypic varia-
tion in potential kernel weight remain unclear. A better
understanding of the developmental processes determining
kernel weight could enhance the efﬁciency of breeding
programmes aimed at improving grain yield and quality.
Kernel growth and development are dynamic processes. In
cereals, the pre-anthesis structures that will develop into
a kernel are the ovule and the ovary wall. The ovule contains
two female gametes: the egg cell and the central cell. After
pollination, fertilization of the egg cell and central cell
produces the embryo and endosperm, respectively (Olsen,
2004). The maternally derived ovary wall, which is formed by
the lower part of the carpels, undergoes morphological
changes and develops into the mature pericarp, completely
enclosing the seed (Earp et al.,2 0 0 4 ) .F r o mf e r t i l i z a t i o nt o
physiological maturity, kernel development can be divided
into three consecutive phases (Egli, 2006). During the initial
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initiation occurs, but dry matter accumulation is slow. The
second phase is often referred to as the linear phase of kernel
ﬁlling, as kernel dry weight increases rapidly during this
period and the rate of dry matter accumulation is near
constant. Finally, reserve accumulation slows until the
maximum kernel dry weight is attained at physiological
maturity, when vascular bundles supplying the kernel cease
to function and degrade to form the commonly observed
‘black layer’ on the mature kernels (Eastin et al., 1973).
Kernel-ﬁlling processes have been studied in numerous
cereal crops. Genotypic and environmental effects on kernel
weight at maturity are generally related to changes in
kernel-ﬁlling rate, duration, or both (Gebeyehou et al.,
1982; Bruckner and Frohberg, 1987; Darroch and Baker,
1990; Heiniger et al., 1993; Wang et al., 1999). Some studies
indicated that kernel-ﬁlling potential was determined at the
early stages of kernel ﬁlling. It has been shown that
genotypic differences in kernel weight were associated with
differences in maximum kernel water content achieved early
in the kernel-ﬁlling period (Schnyder and Baum, 1992;
Borras et al., 2004; Gambin and Borras, 2005). Studies on
maize and wheat suggested that potential kernel weight was
determined soon after anthesis during the initial lag phase
of kernel ﬁlling (Brocklehurst, 1977; Jones et al., 1996). The
number of endosperm cells and starch granules is estab-
lished during this period, which could limit the capacity of
the kernel to convert and store assimilates during the later
stages of kernel growth. However, early ovary development
prior to fertilization may also play a critical role in the
control of potential kernel growth. In wheat and barley,
kernel weight at maturity was found to be positively
associated with carpel weight prior to fertilization (Scott
et al., 1983; Calderini and Reynolds, 2000).
Hence, uncertainty remains as to the developmental
mechanisms that determine genotypic differences in kernel
weight, and the developmental stage at which potential
kernel weight is set. Although cell division, water uptake,
and dry matter accumulation are the prerequisites for kernel
growth, and genotypic variation in kernel size was found to
be related to differences in these ﬁlling characteristics, the
rate and extent of cell division, water uptake, and dry matter
accumulation could be determined by processes that occur
earlier in kernel development, even before fertilization. In
this study, pre-anthesis ﬂoret development and post-anthesis
kernel ﬁlling were examined in ﬁve genotypes of sorghum
known to differ in kernel weight at maturity. The aim was to
determine the developmental stage at which genetic effects on
potential kernel weight were realized, as such knowledge
allows a better understanding of the physiological mecha-
nisms by which potential kernel size is controlled.
Materials and methods
Plant material and experimental details
Two ﬁeld experiments were conducted at Gatton (27 33# S,
152 20# E), Queensland, Australia. The soil was a Lawes
brown black clay loam, which is a moderately fertile deep
alluvial, weakly cracking vertisol (Typic Chromustert).
Experiment I included three sorghum inbred lines (KS115,
BTx642, and RQL36) and their hybrids (ATx642/KS115
and ATx642/RQL36) and was sown on 17 January 2006.
ATx642 is the male-sterile version of BTx642 and is used to
produce hybrids. The genotypes represented a wide range in
kernel weight. KS115 is a large-seeded inbred line developed
at Kansas State University (Tuinstra et al., 2001) and has
been used as a source for improving kernel size and quality
in sorghum breeding programmes (Kriegshauser et al.,
2006). Its kernel weight is approximately twice that of
genotypes with normal kernel weight (BTx642, RQL36, and
their hybrid). Experiment II included three of the genotypes
used in Experiment I (KS115, ATx642/KS115, and ATx642/
RQL36) and was sown on 14 November 2006.
Both experiments were laid out as a randomized block
design with three replicates. Each plot consisted of four
rows, 1 m apart and 15 m long. Plots were over-sown and
thinned to a density of ﬁve plants m
 2 (50 000 plants ha
 1)
2 weeks after sowing. Experiment I received pre-sowing
fertilizer applications of 291 kg ha
 1 single superphosphate
(SSP), 112 kg ha
 1 muriate of potash (MP), and 281 kg
ha
 1 urea. For Experiment II, the amounts applied were
322 kg ha
 1 SSP, 78 kg ha
 1 MP, and 236 kg ha
 1 urea.
Additional nitrogen (N) was applied twice with irrigation
water, to ensure the crop developed without nutrient stress.
In Experiment I, 62 kg ha
 1 N was applied as Ca(NO3)2 on
24 February 2006 and 60 kg ha
 1 N was applied as urea on
16 March 2006. In Experiment II, 42 kg ha
 1 N was applied
as Ca(NO3)2 on 21 December 2006 and 21 kg ha
 1 N was
applied as urea on 5 January 2007. Irrigation was applied
twice monthly and no signiﬁcant drought stress occurred.
Sorghum midge [Contarinia sorghicola (Coquillett)] was
controlled chemically around anthesis and no major out-
break was recorded. However, Experiment II was infected
by sugarcane mosaic virus (Potyvirus), which caused some
premature leaf senescence, particularly during grain ﬁlling.
Post-anthesis kernel observations
Approximately 30 main shoot panicles in each plot of both
experiments were tagged and their dates of apical and basal
anthesis were recorded. Labelled panicles (1–2 per plot)
were harvested twice a week throughout the kernel-ﬁlling
period. Harvested panicles were sealed in plastic bags and
transported to the laboratory. In a humidiﬁed box, 15–50
kernels were randomly sampled from each of the apical and
basal portions of the harvested panicles to determine their
volume, fresh weight, and dry weight. Kernel volume was
measured by displacement of water in a pipette and kernel
dry weight by drying to a constant weight in an oven at
65
oC for at least 2 d. Maximum kernel water content and
volume were determined from the average of the ﬁve highest
values measured for each panicle section of a genotype. In
addition, kernel weight at maturity was determined from
a harvest of two rows of one meter length (10 plants) for
each plot in both experiments. Main stem panicles were
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a sample of 100 seeds.
Spikelet removal treatment
To determine whether genotypic variation in kernel-ﬁlling
capacity was due to difference in resource availability per
kernel during the kernel-ﬁlling period, alternate primary
branches were removed from the main shoot panicle of ﬁve
adjacent plants in each plot of Experiment I, after anthesis
of the basal spikelets. This removed approximately 50% of
the spikelets in all the genotypes and resulted in genotypes
with normal-sized kernels having the same or fewer
spikelets per main shoot panicle compared to the large-
seeded KS115 and ATx642/KS115 panicles with no spike-
lets removed. All tiller heads of the treated plants were
removed at the time of spikelet removal on the main shoots.
Final kernel weight of control and spikelet-thinned panicles
was determined at maturity.
Light microscopy
Between panicle initiation and panicle emergence, develop-
ing panicles were harvested and dissected regularly. Excised
developing panicle branches were transferred to a micro-
scope slide, and cleared in Hoyer’s solution (9 g gum arabic,
60 g chloral hydrate, and 6 ml glycerol in 15 ml H2O).
Floral meristems were exposed for viewing. At anthesis,
spikelets were dissected when they started to extrude
anthers, and dissected ovaries were cleared overnight in
lactic acid saturated with chloral hydrate and then mounted
on slides in Hoyer’s solution. Cleared meristems and ovaries
were examined and photographed using an Olympus BX-61
compound microscope equipped with Nomarski differential
interference contrast (DIC) optics. Sorghum spikelets are
usually borne in pairs, one sessile and fertile, the other
pedicellate and sterile. The diameter of the ﬂoret meristem
of sessile spikelets was measured across the base of the
meristem at a stage immediately before the initiation of
stamen primordia (approximately 15 d after panicle initia-
tion). For each genotype, 10–18 meristems from three plants
were measured using the ImageJ image processing program.
For ovary volume at anthesis, 16–22 ovaries from four
plants were measured for each genotype.
After pollination, developing kernels were collected at
different times and immediately ﬁxed in cold FAA ﬁxative
(3.7% formaldehyde, 5% acetic acid, 50% ethanol) for 24 h,
followed by dehydration in a series of ethanol and tertiary
butyl alcohol mixtures and embedding in parafﬁn. Parafﬁn-
embedded kernels were sectioned to 12–20 lm thickness
(depending on the development stage) with a microtome.
Tissue sections were stained in an aqueous solution of
0.05% toluidine blue for 20 min, rinsed in water for 1 min,
and allowed to air dry. Parafﬁn was removed with two
changes of xylene and the cover slip was mounted with
DPX Mountant for Histology (Fluka). Endosperm cell
number was calculated from observations of cell size in
kernel cross-sections and estimates of endosperm volume
via water displacement. Four kernels were sectioned and
measured for each genotype.
Starch granule number
The number of starch granules was estimated using the
method of Kiniry (1988). Brieﬂy, kernels sampled around
maturity were ﬁxed in 3:1 95% ethanol/glacial acetic acid
overnight at 4
oC, and then stored in 70% ethanol. The
endosperm was separated from the ﬁxed kernel, put into
fresh deionized water, and incubated at 60
oC for 15 min in
a shaking water bath. Endosperms were then put into 2 ml
of 1 M HCl in an ice bath for 60 min, followed by
incubation at 60
oC for 10 min. They were subsequently
rinsed three times with deionized water, put into 1 ml of
cellulase solution (30 g l
 1 of cellulase in 0.1 M sodium
acetate buffer, pH 4.7) and incubated at 37
oC overnight.
Endosperms were then mashed with a glass rod, incubated
for an additional 2 h at 37
oC, and ﬁnally forced through
a syringe and diluted to 50 ml with deionized water. A
subsample was counted using a hemacytometer under 3100
magniﬁcation. Three kernels were processed and measured
for each genotype. For each kernel, four subsamples were
counted.
Data analysis
The time series of kernel dry weight data were ﬁtted against
accumulated thermal time after anthesis using a broken
linear model in the R2LINES procedure of the GenStat
Release 9.1 statistical package. The model includes an initial
positive linear increase followed by a phase of constant dry
weight. Physiological maturity was deﬁned as the time at
which the two line segments intersected (i.e. when maximum
kernel dry weight was reached). As linear kernel ﬁlling
starts a few days after anthesis, only observations for which
kernel weight had reached at least 10% of its ﬁnal value
(approximately 130
oCd after anthesis) were included in the
analysis. The model was ﬁtted separately to apical and basal
kernel data for each genotype. Daily thermal time accumu-
lation was calculated from hourly temperature records,
using a base temperature of 5.7
oC and an optimal
temperature of 23.5
oC (Hammer and Muchow, 1994).
Analysis of variance was performed using GenStat Release
9.1. Main effects of genotypes, treatments, and their
interactions were tested using Fisher’s LSD method.
Results
Kernel weight, number, and ﬁlling rate
Final kernel dry weight showed signiﬁcant genotypic differ-
ences. In Experiment I, the ﬁnal dry weight of apical kernels
of the main shoot panicle was 61.0 mg for KS115,
compared to 24.6–28.4 mg for the normal-seeded genotypes
(Table 1). The kernel weight of ATx642/KS115 (45.4 mg)
was close to the average of its two parents (44.7 mg),
signiﬁcantly lower than KS115, but signiﬁcantly higher than
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genotypes (Table 1). In Experiment II, ﬁnal kernel dry
weight was consistently less than in Experiment I, but
genotypic effects were similar across experiments (Table 1).
There was a trade-off between kernel size and number, as
the higher kernel weight of KS115 and its hybrid was offset
by a signiﬁcantly lower kernel number per panicle com-
pared with the normal-seeded genotypes (Table 1). This
decreased kernel number was associated with reduced
panicle branching (data not shown). Genotypic and exper-
imental effects on ﬁnal kernel weight were predominantly
associated with differences in ﬁlling rate during the linear
phase of kernel ﬁlling (Table 1; Fig. 1). In both experiments,
kernel-ﬁlling rate of ATx642/KS115 was intermediate (close
to the average of KS115 and normal-seeded hybrids),
signiﬁcantly lower than KS115, but signiﬁcantly higher than
the normal-seeded genotypes.
Decreasing the number of kernels by spikelet removal at
anthesis signiﬁcantly increased the ﬁnal kernel weight of the
remaining kernels in all genotypes (Fig. 2). There was no
signiﬁcant effect of panicle position on the responses to sink
reduction through spikelet removal. The increase in ﬁnal
kernel weight by spikelet removal treatment was mainly due
to a change in ﬁlling rates. The signiﬁcant genotypic
difference in ﬁnal kernel weight remained after spikelet-
removal, even though the relative response was greater for
the normal-seeded genotypes (Fig. 2). Importantly, the
kernel dry weight of normal-seeded genotypes after spikelet
removal was still signiﬁcantly lower than that of KS115 and
ATx642/KS115 plants without spikelet removal (Fig. 2),
despite similar kernel number per panicle.
Size of ﬂoret apical meristems and ovaries
Genotypic differences in size of reproductive organs were
apparent early in ﬂoret development. Immediately before
initiation of stamen primordia, sessile spikelets of KS115,
ATx642/KS115, and ATx642/RQL36 differed signiﬁcantly
in the diameter of ﬂoret apical meristems (Table 2; Fig. 3),
with the meristem diameter of ATx642/KS115 (146.7 lm)
close to the mean of the other two genotypes (146.9 lm).
Assuming the meristem is a hemisphere, these diameters
translated into a volume of 10.8, 8.3, and 6.3310
5 lm
3 for
KS115, ATx642/KS115, and ATx642/RQL36, respectively.
Ovary volume at anthesis differed similarly among geno-
types. KS115 produced the largest ovaries in both experi-
ments (Table 2; Fig. 4), whereas the ovary volume of
ATx642/KS115 (1.20 mm
3 and 1.12 mm
3 in Experiments I
and II, respectively) was close to the mean of KS115 and
the normal seeded genotypes (1.30 mm
3 and 1.13 mm
3 in
Experiments I and II, respectively). The lower ﬁnal kernel
weight in Experiment II compared with Experiment I was
associated with a reduction in ovary volume at anthesis.
Across experiments and genotypes, ovary volume at anthe-
sis was positively associated with the maximum kernel water
content attained during early kernel ﬁlling (r
2¼0.99,
P <0.001), the maximum kernel volume attained during
Table 1. Final kernel dry weight, kernel number, kernel-ﬁlling rate, maximum water content, and maximum kernel volume for apical
kernels of main shoot panicles
Final kernel weight and kernel-ﬁlling rate were determined by ﬁtting the broken linear model (Fig. 1). Kernel number was determined at ﬁnal
harvest at maturity. Maximum kernel water content and volume were determined from the average of the ﬁve highest values measured for each
panicle section of a genotype.
Experiment Genotype Final kernel
dry weight
a
(mg kernel
 1)
Kernel number
of main shoot
panicle
a
Kernel-ﬁlling
rate
a (mg
oCd
 1
kernel
 1)
Maximum water
content
a
(mg kernel
 1)
Maximum kernel
volume
a
(ml kernel
 1)
Experiment I KS115 61.0 a 1053 d 0.141 a 48.8 a 79.9 a
ATx642/KS115 45.4 b 1524 c 0.114 b 28.8 b 56.8 b
BTx642 28.4 c 2454 b 0.070 c 17.8 d 35.9 c
ATx642/RQL36 24.9 cd 3654 a 0.069 c 19.9 c 33.9 c
RQL36 24.6 d 2504 b 0.056 d 19.6 c 30.8 d
Experiment II KS115 49.8 a 795 c 0.123 a 39.7 a 64.5 a
ATx642/KS115 42.2 b 1338 b 0.087 b 23.9 b 48.9 b
ATx642/RQL36 18.7 c 3094 a 0.053 c 13.6 c 23.6 c
a For each experiment, means in columns that are followed by the same letter do not differ signiﬁcantly (P <0.05).
Fig. 1. Kernel dry weight as a function of thermal time after
anthesis for apical kernels of ﬁve genotypes studied in Experiment
I. Solid lines show the broken linear model ﬁtted for each
genotype. Slopes are presented in Table 1 as kernel-ﬁlling rates.
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2¼0.97, P <0.001), the ﬁlling rate during
the linear ﬁlling period (r
2¼0.94, P <0.001) (Fig. 5) and,
ultimately, the kernel dry weight at maturity (r
2¼0.93,
P <0.001).
The large ovary volume of KS115 was mainly due to the
presence of more cells per layer in the ovary wall (Fig. 4C,
D). In addition, the vascular supply to each ovary differed
signiﬁcantly among genotypes (Table 2; Fig. 4A, B).
Ovaries of KS115 had 5–6 vascular bundles in their wall,
including a right and a left stylar bundle, whereas ovaries of
normal-seeded genotypes had only 2–3 vascular bundles in
the ovary wall, including the stylar bundles. In both
experiments, the number of vascular bundles for ATx642/
KS115 (4.0–4.1) was close to the mean of KS115 and the
normal-seeded genotypes (3.9–4.0). Within experiments,
the number of vascular bundles was signiﬁcantly related to
the kernel-ﬁlling rate (r
2¼0.98, P <0.001 for Experiment I),
but unlike ovary volume and kernel-ﬁlling rate, the number
of vascular bundles was similar across the two experiments
(Table 2). The size of other ﬂoral organs of the spikelets (i.e.
glumes, lemma, and palea) also differed among genotypes.
Those that produced large kernels had large ﬂoral organs
(Fig. 6) and genotypic differences in the size of these organs
became evident shortly after their initiation (data not
shown).
Endosperm cells and starch granules
Within individual kernels, endosperm cells differed in size
and shape, with small cells in the outer layers and large cells
in the central parts surrounding the embryo. Large kernels
of KS115 and its hybrid contained more endosperm cells
and also had larger cells in the central region of the
endosperms compared with the normal size kernels of
ATx642/RQL36 (Table 2; Fig. 7). This suggests that the
increase in total endosperm volume in KS115 and its hybrid
was due to an increase in both cell size and cell number.
Pericarps of large kernels appeared to contain more cells
per layer than those of normal-sized kernels, because there
was no signiﬁcant difference in pericarp cell size (data not
shown). The size of starch granules at maturity varied
considerably within genotypes, but the mean diameter was
similar across genotypes, ranging from 16.9 lm (KS115) to
18.1 lm (ATx642/KS115). The increase in total starch
volume in the endosperm of large kernels was associated
with an increase in the number of starch granules (Table 2),
rather than their size.
Discussion
Kernel weight in sorghum is under strong genetic
control
Kernel dry weight is an important factor determining
ﬁnal grain yield and nutritional quality in sorghum
(Kriegshauser et al., 2006). Genotypes used in this study
showed a more than 2-fold range in kernel dry weight at
maturity (Table 1). Hybrid ATx642/KS115 was intermedi-
ate in ﬁnal kernel dry weight compared with its parents,
suggesting that gene action for kernel weight was additive.
This is in agreement with the results for previous studies on
the inheritance of kernel-ﬁlling characteristics of other
cereals (Bhatt, 1972; Ketata et al., 1976; Katsantonis et al.,
1986; Wang et al., 1999). Kernel-ﬁlling rate during the
linear phase of kernel ﬁlling showed a similar additive gene
action as kernel weight for the genotypes studied (Table 1),
which is consistent with the observations for other grain
crops that greater kernel weight is predominantly associated
with a higher ﬁlling rate (Bruckner and Frohberg, 1987;
Santiveri et al., 2002; Egli, 2006).
The signiﬁcant reduction in kernel number of large-
seeded genotypes compared to normal-sized genotypes
resulted in a higher level of resource availability per kernel.
However, removing 50% of the spikelets at anthesis did not
increase kernel weight of normal-seeded genotypes to the
levels found for KS115 or ATx642/KS115 without spikelet
removal (Fig. 2), even though it resulted in a comparable
kernel number. Therefore, it is unlikely that the genotypic
Fig. 2. Response of ﬁnal kernel dry weight for apical and basal
kernels of main stem panicles to the removal of approximately
50% of the spikelets at anthesis for each genotype in Experiment I.
The vertical bars indicated the standard errors of the means.
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solely a consequence of differences in resource availability per
kernel during the kernel-ﬁlling period. Genetic control of
potential kernel weight had most likely occurred through
processes that were established before the start of kernel ﬁlling.
Genetic control of potential kernel weight occurs before
fertilization and is related to ovary development
In the genotypes examined in this study, a signiﬁcant
difference in ovary volume prior to anthesis was observed.
Across experiments and genotypes, the volume of the ovary
Fig. 3. Whole-mount cleared ﬂoret meristems at a stage immediately before the initiation of stamen primordia in developing ﬂorets. (A)
KS115; (B) ATx642/RQL36. Scale bars: 100 lm.
Table 2. Diameter of ﬂoret meristem, ovary volume at anthesis, number of vascular bundles in the ovary wall, number of starch granules
per kernel, number of endosperm cells per kernel, and the cross-sectional area of endosperm cells in the central region of the
endosperm for apical kernels of main shoot panicles
Genotype Diameter of
ﬂoret meristem
(mm)
Ovary volume
at anthesis
b
(mm
3)
Number of
vascular bundles
in the ovary wall
b
Number of
endosperm cells
b
(310
4 kernel
 1)
Cross–sectional
area of endosperm
cells (310
3 m
2)
Number of
starch granules
(310
6 kernel
 1)
Experiment 1 KS115 – 1.67 a 5.3 a – – 14.9 a
ATx642/KS115 – 1.20 b 4.0 b – – 10.6 b
BTx642 – 0.91 c 2.5 c – – 6.3 c
ATx642/RQL36 – 0.97 c 2.3 c – – 7.2 c
RQL36 – 0.91 c 2.3 c – – 7.1 c
Experiment 2 KS115 160.2 a 1.43 a 5.3 a 8.21 a 12.9 a 14.4 a
ATx642/KS115 146.7 b 1.12 b 4.1 b 6.60 b 12.5 a 8.9 b
ATx642/RQL36 133.6 c 0.82 c 2.7 c 4.57 c 10.6 b 6.3 c
a Measured immediately before the initiation of stamen primordia in developing ﬂorets.
b For each experiment, means in columns that are followed by the same letter do not differ signiﬁcantly (P < 0.05).
Fig. 4. Ovaries at anthesis for KS115 (A, C) and RQL36 (B, D). (A, B) Whole-mount cleared ovaries; (C, D) cross-sections of ovaries.
Scale bars: 500 lm.
1404 | Yang et al.at anthesis was closely associated with maximum kernel
water content, maximum kernel volume, kernel-ﬁlling rate,
and ﬁnal kernel dry weight (Fig. 5). Due to the large initial
volume of ovaries, large kernels showed a faster rate of
kernel expansion and water uptake after fertilization, and
attained a higher level of maximum water content early in
kernel ﬁlling. The maximum water content in the kernel is
closely related to the kernel-ﬁlling rate in sorghum (Gambin
and Borras, 2005) and other cereal crops (Bradford, 1994;
Funaba et al., 2006; Gambin et al., 2007b). Hence, the
genotypic differences in kernel-ﬁlling rate in this study were
probably a consequence of differences in ovary volume at
the start of kernel ﬁlling.
The effect of ovary volume on kernel weight of sorghum
could operate through the ovary wall. In sorghum, the
lower part of the carpel forms the ovary wall, which
encloses the ovule. After fertilization, the ovary wall
develops into the pericarp which is fused to the seed coat
(testa) at maturity. Studies on sorghum kernel development
found that growth of the pericarp was conﬁned to the
enlargement of cells present at pollination, along with some
thickening of their walls, as no cell division was observed
after pollination (Artschwager and McGuire, 1949; Sanders,
1955; Paulson, 1969). In the genotypes studied here, the
ovary wall at anthesis and the pericarp at maturity of large
kernels contained more cells in each layer than that of
normal size kernels. It is probable therefore that the pre-
fertilization ovary structure, in particular, the cell number
in the ovary wall, determined the ability of the kernel to
increase in volume and consequently imposed a limitation
on the potential for kernel growth. Consistent with this, the
reduction in kernel weight of wheat by Rht dwarﬁng genes
was associated with a reduction in kernel volume and the
total number of cells in the pericarp (Miralles et al., 1998).
A positive relationship between carpel weight at anthesis
and kernel dry weight at maturity has been reported in
wheat and spring barley (Scott et al., 1983; Calderini and
Fig. 5. Association of maximum kernel water content (A; r
2¼0.99,
P <0.001), maximum kernel volume (B; r
2¼0.97, P <0.001) and
kernel-ﬁlling rate (C; r
2¼0.94, P <0.001) with ovary volume at
anthesis for apical kernels of sorghum genotypes grown in two
ﬁeld experiments.
Fig. 6. Branches of panicles collected at anthesis showing
genotypic difference in spikelet size. From left to right: KS115,
ATx642/KS115, and ATx642/RQL36.
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endosperm cell division and expansion, starch granule
formation, kernel water uptake, and dry matter accumula-
tion could be a consequence of volume restriction imposed
by the developing pericarp that was derived from the ovary
wall. In wheat and maize, physically restricting the capacity
of a kernel to expand signiﬁcantly reduced kernel size at
maturity (Millet and Pinthus, 1984; Yu and Egli, 1990;
Gambin et al., 2007a). Physical limitation therefore can play
an important role in the control of kernel development and
ﬁnal size.
Kernel development depends on a constant supply of
assimilates, water, and other resources from the mother
plant. The capacity of the transport system to supply these
resources into a kernel could therefore limit its growth.
Signiﬁcant genotypic differences were observed in the
number of vascular bundles in the ovary wall, and within
an experiment, the vascular bundle number was positively
associated with the kernel-ﬁlling rate and ﬁnal kernel
weight. However, it was not possible to discern whether
more serving vascular links was a cause or consequence of
greater ovary and kernel size.
In our experiments, the F1 seeds produced by pollinating
ATx642 (the male-sterile version of BTx642) plants with
KS115 pollen were similar in size to those produced on the
self-pollinated BTx642 line (data not shown). Other re-
ciprocal cross studies have also shown that the potential for
seed growth is under strong maternal control, such that the
size of F1 seeds of reciprocal hybrids at maturity is similar
to that obtained from their maternal, rather than their
paternal (pollen) parent (Jones et al., 1996; Lemontey et al.,
2000; Chaudhury and Berger, 2001). The mechanism in-
volved in the maternal control of potential seed size has not
been elucidated. The results of this study suggest that the
maternally derived reproductive components, and in partic-
ular the pericarp developed from the ovary wall, could serve
as a site of maternal control of seed growth in cereals.
Control of seed development by maternally derived compo-
nents has also been observed in Arabidopsis. Several studies
have shown that mutations causing abnormal integument
development in Arabidopsis affected the size and shape of
mature seeds (Leon-Kloosterziel et al., 1994; Ohto et al.,
2005; Schruff et al., 2006). The determination of potential
kernel size through processes operating before fertilization
is consistent with the concept of maternal control of seed
growth.
Ovary size might be determined at the meristem stage
The physiological mechanisms that determine ovary size are
still unclear. Because the large-seeded genotypes produce
fewer spikelets than the normal-seeded genotypes, the
increase in the size of ﬂoral organs could be a consequence
of a reduced competition for resources among fewer
spikelets. However, in a preliminary greenhouse experiment
on commercial hybrid MR-Buster, in which a large percent-
age (50–75%) of the panicle was removed before any major
increase in the size of the panicle structure (about 17 d after
panicle initiation), signiﬁcant changes in the size of ovaries
and other ﬂoral organs at anthesis were not detected (Z
Yang, unpublished data). Genotypic difference in ovary size
observed in the current study seems to be a consequence of
processes occurring early in ﬂoret development. Immedi-
ately before the appearance of stamen primordia in de-
veloping ﬂorets, KS115 and its hybrid ATx642/KS115 had
larger ﬂoret apical meristems than the normal-seeded
genotype ATx642/RQL36 (Fig. 3; Table 2). After stamen
formation, the carpel initiated from the ﬂoret meristem
forms the ovary wall and encloses the ovule. It is possible
that the size of the ﬂoret meristems exerts a direct effect on
the size of carpels and ovaries formed from them. The
difference in size of other organs of the spikelets (i.e.
glumes, lemma, and palea) could also be related to the
difference in the size of meristems from which they were
formed. The observation that the relative genotypic differ-
ences in the size of ﬂoret meristem closely matched the
differences in ovary volume supports the hypothesis of
a direct and causal effect of meristem size on ovary size.
The negative correlation between kernel weight and
number (Table 1) is consistent with observations for other
grain crops (Fischer and HilleRisLambers, 1978; Sadras,
2007). If ovary size, and hence potential kernel size, is
determined at the meristem stage, then an intrinsic de-
velopmental link could exist, thus setting potential kernel
size and number simultaneously during the panicle branch-
ing and ﬂoret formation period. In sunﬂower, QTLs
associated with seed mass were found to be tightly linked
to an apical branching gene (Tang et al., 2006), suggesting
a potential genetic link between potential seed size and seed
Fig. 7. Cells in the central part of the endosperm 3 weeks after anthesis for KS115 (A) and RQL36 (B). Scale bars: 100 lm.
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stage might therefore be crucial to a better understanding of
the developmental processes that regulate both kernel size
and number.
Conclusions
This study showed that genotypic effects on potential kernel
weight of sorghum were established before fertilization
through differences in ovary volume, which in turn were
associated with the size of the ﬂoret apical meristem during
ﬂoret development. The genotypic effects on meristem size
and subsequently on ovary volume, and kernel weight were
all consistent with additive genetic control, supporting the
hypothesis that the relationship between meristem size,
ovary volume, and ﬁnal kernel weight is causal. The effects
of ovary volume on kernel growth could operate via
limitations imposed on kernel expansion by the developing
pericarp which is derived from the ovary wall. The de-
termination of potential kernel weight prior to fertilization
coincides with the timing of kernel number determination
and could explain the trade-off between potential kernel
number and kernel weight.
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